Nitrogen oxides ( NO x ) are ubiquitous pollutants in outdoor and indoor air. However, epidemiologic studies that evaluate health effects associated with NO x commonly rely upon outdoor concentrations of NO x , nitrogen dioxide ( NO 2 ), or residence characteristics as surrogates for personal exposure. In this study, personal exposures ( 48 h ) and corresponding indoor and outdoor concentrations of nitric oxide ( NO ), NO 2 , and NO x were measured ( July -September ) in 39 adults and 9 children from 23 households in Richmond, Virginia, using Ogawa passive NO x monitors. Demographic, time -activity patterns, and household data were collected by questionnaire and used to develop exposure prediction models. Adults had higher NO 2 , NO, and NO x exposures ( means: 16, 63, and 79 ppb, respectively ) than children ( 13, 49, and 62 ppb ). Measurements taken in bedrooms ( 18, 57, and 75 ppb ) and living rooms ( 19, 65, and 84 ppb ) surpassed measurements taken outdoors ( 15, 21, and 36 ppb ). In indoor locations, NO x concentrations were influenced largely by NO, and consequently, personal exposure prediction models for NO x were reflective of models for NO. Statistical models that best predicted personal exposures included indoor measurements; outdoor measurements contributed relatively little to personal exposure. Close to 70% of the variation in personal NO 2 and NO x exposure was explained by two variable models ( bedroom NO 2 and time spent in other indoor locations; bedroom NO x and time spent in kitchen ). Given appropriate resources, measurement error in epidemiologic studies can be reduced significantly with the use of personal exposure measurements or prediction models developed from indoor measurements and survey data.
Introduction
Nitrogen oxides [NO x =nitrogen dioxide (NO 2 )+ nitric oxide (NO )], byproducts of high -temperature fuel combustion, are common pollutants in outdoor and indoor air. Transportation and industrial processes are the primary sources of NO 2 and NO, although lightening and stratospheric intrusion can also contribute ( EPA, 1998 ) . Indoors, NO and NO 2 concentrations are increased significantly by gas appliance use, kerosene space heaters, and environmental tobacco smoke ( Spengler et al., 1994; Levy, 1998 ) .
Since humans spend approximately 90% of their time indoors, indoor concentrations of NO 2 may contribute more significantly to personal exposure than outdoor concentrations (Spengler et al., 1994; Levy, 1998 ) . Previous research has demonstrated that personal exposures typically correlate more strongly with indoor levels, especially in homes with combustion sources (Levy, 1998 ) . However, epidemiologic studies frequently use outdoor NO x or NO 2 concentrations, or housing characteristics (distance of residence from highway or traffic density ), to estimate or classify exposure ( Jaakkola et al., 1991; Dockery et al., 1993; Nitta et al., 1993; Nicolai, 1997; Asgari et al., 1998; Jammes et al., 1998; Guo et al., 1999; Peters and Avol, 1999; Peters et al., 1999; Huang and Batterman, 2000 ) . These methods fail to account for the significant contribution of indoor sources to personal exposure. Moreover, when a measure such as distance of residence from highway is used as a surrogate of exposure, an additional level of uncertainty is added. This uncertainty, more appropriately called exposure measurement error, may be differential or nondifferential in nature, and consequently, health risk estimates from epidemiologic studies may be biased in unpredictable ways. NO 2 has been implicated in the development of chronic respiratory disease, exacerbating symptoms associated with asthma, as well as interfering with host defense mechanisms ( ATS, 1996 ) . However, the lack of consistent epidemiologic evidence associating NO 2 with acute and chronic respiratory illness precludes the establishment of an exposure -response relationship useful in conducting a rigorous health risk assessment. An understanding of the relative contributions of indoor NO 2 and outdoor NO 2 concentrations to personal exposure, and how these contributions are modified by behavior, is imperative to more accurately estimate personal exposure. This understanding may ultimately result in more accurate health risk estimates and informative public health recommendations based upon environmental epidemiology studies.
The main objective of this study was to describe the relationships among indoor, outdoor, and personal measurements of NO x , NO 2 , and NO in residents of four neighborhoods in Richmond, Virginia. Additional objectives included the evaluation of behaviors or conditions that modify these relationships and the development of statistical models to predict personal exposures to NO 2 , NO x , and NO.
Methods

Participants
Participant recruitment was conducted from April 1999 to July 1999 in four neighborhoods -Oregon Hill, Carver, Church Hill, and Maymont -located in Richmond, Virginia. These four neighborhoods were chosen based on their proximity to interstates 195, 95, and 64. Oregon Hill, Carver, and Church Hill are located near these interstates while the fourth neighborhood, Maymont, is located a greater distance from these three major interstates and is more characteristic of a suburban neighborhood.
The Survey and Evaluation Research Laboratory at Virginia Commonwealth University initially contacted residents of Oregon Hill, Maymont, and Carver as part of a larger community environmental justice survey project ( n= 316 households, 17% of target number). Upon first contact, two or more individuals from 98 households indicated their willingness to participate in an air quality project. Letters were mailed to these individuals with addressed, stamped postcards to be returned if the individuals wished to decline further contact; six postcards were returned. Home visits were made to 85% of the remaining homes (78 of 92 ) to discuss the benefits of participation in the study and to formally enroll volunteers. Special efforts were taken to contact households in which one or more of the willing participants were between the ages of 7 and 17. Of the 78 homes contacted, 54 individuals from 26 households were enrolled in the study. Six other individuals from three households were recruited outside of this process though community meetings ( n= 4 ) or Virginia Commonwealth University ( n= 2 ). Air monitoring was conducted in 24 of 29 houses, including 50 of 60 enrolled participants.
Informed consent was obtained from all volunteers; a parent or guardian signature was required for participants under the age of 18. This project was reviewed and approved by the Institutional Review Board Subcommittee on Human Ethics at Virginia Commonwealth University.
Passive NO x Monitors
Passive NO x monitors, developed by Ogawa, were used to assess personal exposure and indoor and outdoor levels of NO 2 , NO, and NO x . These monitors are cylindrical (2Â3 cm ) in shape and comprised of two end chambers, each of which contains a coated filter placed in between two screens fitted with a diffuser end cap ( Ogawa, 1997 ) . Passive NO x monitors were assembled and stored according to the protocol provided by Ogawa (1997 ) and a minimum of three blanks were prepared for each sampling period, for a total of 39 blanks, which represented greater than 10% of the collected samples. The mean absorbance for passive NO blanks was 0.0259 and the mean absorption for NO 2 blanks was 0.0264; these absorbance values correspond to average concentrations of roughly 1.55 and 1.48 ppb for NO and NO 2 , respectively. Pilot study results suggested that 24 -h sample periods were not sufficient to ensure that a significant portion of the samples would be above the limit of detection ( 2 ppb ). As part of the pilot study, NO 2 , NO, and NO x concentrations were collected by 48 -h samplers collocated with the 24-h samplers. The concentrations of NO 2 , NO, and NO x collected by the 48-h monitors, were well above the limit of detection. With 48 -h sampling periods, a total of five samplers were below the limit of detection (one bedroom and four personal measurements ).
After exposure, blanks and exposed badges were stored in sealed, amber containers in a cool, dark environment until transport to Commonwealth of Virginia, Department of General Services, Division of Consolidated Laboratory Services in Richmond, Virginia, for analysis. The samples were analyzed by treating the filters with a sulfanilamide and N -( 1-naphthyl )-ethylenediamine dihydrochloride color-producing mixture (10:1 ). After vials were allowed to equilibrate, standard methods for spectrophotometry were used to determine the amount of colored derivative at 545 nm (Ogawa, 1997 ) . The Yokohama City Research Institute of Environmental Science has demonstrated strong agreement between real -time measurements of NO and NO 2 compared with passive NO and NO 2 monitors (NO, R 2 = 0.9991; NO 2 , R 2 =0.9936 ) (Ogawa, 1997 ) . A field comparison of passive NO x monitors with collocated continuous monitors revealed good agreement for NO 2 (r =0.79) (Liard et al., 1999 ) .
Indoor temperature and humidity were collected daily at each study household, and outdoor temperature and humidity were obtained from the National Oceanic and Atmospheric Administration ( NOAA ) National Climate Data Center. Since the diffusion velocity of the gas molecules into the sampler is dependent on temperature and humidity ( WGND, 1997) , these daily measurements were used to calculate concentration conversion coefficients (Eqs. (1 ) and ( 2) In accordance with the protocol provided by Ogawa ( 1997 ) , conversion coefficients were used to adjust NO 2 and NO concentrations by multiplying the average concentration (collected weight, ng /sampling time, min ) of NO 2 or NO by their respective conversion coefficients ( Eq. (3 )). The adjusted concentrations for NO and NO 2 were then summed to obtain the NO x concentration. Since individual temperature and humidity data were not available for each subject wearing a personal sampler, standard conversion coefficients were used to adjust personal NO and NO 2 concentrations (NO =60, NO 2 =56).
Air Sampling
Personal, indoor, and outdoor air monitorings were conducted for a 48 -h period in each study household from July 1999 to September 1999. Indoor measurements were collected by placing one air monitor in or near the bedroom(s ) and placing one air monitor in the common room of the house; typically, this was either the living room or dining area. Outdoor measurements were collected with passive NO x monitors located just outside of the home.
Participants were asked to wear passive NO x monitors near their breathing zone, typically either on their collar or shirt pocket. Since the collection rate of the passive NO x monitors may be influenced by direct exposure to wind, heat, and moisture, participants were asked to avoid direct exposure to high -velocity wind such as those from fans or open car windows. While showering, sleeping, or swimming, participants were asked to remove the personal monitor and place it in a nearby, safe location such as on a night table while sleeping ( Ogawa, 1997 ) . Inside of the home, precautions were taken to locate monitors away from gas stoves, water heaters, and open windows to minimize measurement bias. Efforts were also made to place samplers at least 4.5 ft from the ground and 1 ft from walls, although this was not always accomplished. Outside of the home, monitors were fastened to poles 5 -ft tall with opaque covers to maintain wind velocity and to protect the monitors from moisture.
Each household was visited three times in 24-h intervals over the 48-h study. On the first day, a member of the study team visited each of the participating households to answer questions about the study, to obtain informed consent, to set up the monitoring devices, and to record the temperature and humidity inside of the home. Twenty -four hours later, a member of the study team returned to distribute the participant questionnaire and record the temperature and humidity inside of the home. A final visit 48 h after the first visit was made to collect all passive NO x monitors and questionnaires.
A maximum of three households including six participants was monitored during each 48 -h sampling period, which occurred on weekdays and weekends. A mutually convenient time was arranged for sampling to begin with at least 1 h allotted at each household to allow for time to address participants' questions and transit between households. Households were scheduled such that air monitoring was conducted in roughly one neighborhood per month.
Questionnaires
An adult questionnaire (age!18) and a child questionnaire (age < 18) were developed for use in this study. The adult questionnaire acquired demographic information (age, sex, socio -economic status), household characteristics (home size, home age, type of appliances used in home ), and activity patterns ( time spent at home, outside, or at work) during the 48 -h study period while the child questionnaire included only questions regarding activity patterns and some individual demographic data (age, height, weight ) . A parent of the child participant was asked to complete the child questionnaire when appropriate (generally when under the age of 12 ). All questionnaires were collected on the final visit.
Responses to the questionnaire were evaluated for completeness and, when possible, validated with data available through the City of Richmond property tax records. Time -activity data were deemed to be accurate if time allocations were additive to 24 -h periods. If possible, implausible responses were corrected through estimations based on other time -activity data.
Geographic Information Systems
The location of the study households and the Department of Environmental Quality (DEQ ) monitoring stations was collected with a Trimble Geoexplorer Global Positioning System ( GPS ) unit and the data were uploaded into Pathfinder Office version 2.11. The GPS points were differentially corrected by data collected from a continuously operating reference station ( drv1 ) in Richmond, Virginia. The differentially corrected points were then grouped and exported in Arcview shapefile format. Virginia Department of Transportation (VDOT ) road coverages for Richmond City, Henrico County Hanover County, and Charles City County and the GPS data were reprojected with ArcInfo version 8.0 to Stateplane Virginia (south ), NAD83, and the units were in feet.
The VDOT road coverages and the point coverage were imported into Arcview version 3.2 for spatial analysis. The VDOT road coverages of Richmond City, Henrico County, Hanover County, and Charles City County were merged, and the attributes from the merged coverages were then dissolved with the geoprocessing wizard extension. Finally, distance to highway from each study household was determined through a series of attribute queries and spatial joins, resulting in distance in feet ( converted to meters ) from each household to interstates 195, 95, and 64.
Statistical Analysis
The questionnaire and exposure measurement data were entered into a Microsoft Excel 2000 database and subsequently imported into SAS version 8.0 for analysis. Normality and completeness of the data were assessed by visual inspection for errors and through the use of stemand -leaf plots. Outliers or unlikely responses in the data set were checked for accuracy. When appropriate, continuous variables were either natural log -transformed or square root -transformed to achieve normality. Continuous variables that did not achieve normality through conventional transformation methods were redefined as ordinal variables.
Preplanned comparisons were made among study participant characteristics, residence characteristics, and exposure measurements. The SAS procedure General Linear Models (GLM ) was used for analysis of variance, and following a significant F -test, Tukey's test for multiple comparisons was used to evaluate mean differences between groups. Relationships between continuous variables were assessed by Pearson's correlation coefficient and associations between categorical variables were evaluated by 2 analysis.
Multiple linear regression was used to develop models to predict personal exposures to NO x , NO 2 , and NO using the environmental measurements and questionnaire data. Three approaches were taken to develop models which reflected: (1 ) a method for personal exposure estimation without regard to associated expense or logistical drawbacks of data collection; ( 2) the most cost -effective method to estimate personal exposure; and ( 3) a compromise between approaches 1 and 2. The all -possible regressions procedure guided selection of combinations of biologically plausible variables to include in candidate models. Mallow's Cp statistic and model error variance ( MSE ) directed selection of the final models for personal NO x , personal NO 2 , and personal NO exposure measurements. Potentially important interactions were evaluated using Pearson's correlation coefficient and were tested for significance in multiple regression equations. Studentized residuals were used to detect outliers and the variance influence factor (VIF ) was used to indicate collinearity between independent variables. Forty samples from 19 households were included in the statistical analysis. Personal samples were excluded from statistical analysis due to an incomplete participant questionnaire ( n= 5), noncompliance with the study protocol (n = 4), or missing personal sampler (n =1 ). Additionally, one living room sample corresponding to three personal exposure measurements was misplaced during laboratory analysis. However, the slope and intercept of the logarithm of living room NO x , NO 2 , and NO measurements and the logarithm of the bedroom NO x , NO 2 , and NO measurements were coincident. Therefore, the bedroom measurements were used in place of living room measurements to avoid exclusion of three observations from the statistical analysis.
Results
Descriptive Analysis
Household characteristics are presented in Table 1 . Most households reported the presence of a gas stove (90% ) and a gas water heater ( 90% ), indicating the potential for elevated indoor NO 2 , NO, and NO x concentrations. Additionally, 42% of households reported using the air conditioning at least once during the 48-h study period, 21% of households reported using the furnace at least once during the 48 -h study, and 63% of households reported having at least one open window during the 48 -h study.
Home age, home size, and distance to nearest highway are reported for each neighborhood in Table 2 . The homes in Maymont were significantly newer (P < 0.001 ), and significantly smaller ( P= 0.05) compared with homes in Oregon Hill and Carver. No association was found between neighborhood and air conditioning use, furnace use, and open windows. Mean outdoor temperature was significantly higher (P < 0.001 ) in Oregon Hill in comparison with Carver and Maymont. This was expected since air monitoring was conducted in roughly one neighborhood per month.
A map of the City of Richmond with study household locations and DEQ monitoring site 2 is presented in Figure 1 . As expected, distance to interstate was significantly associated with neighborhood (P= 0.04 ), when distance was defined as a dichotomous variable (less than 305 m from at least one interstate or greater than 305 m from all interstates ). There was no relationship between distance to interstate and household income, furnace use, air conditioning use, or open windows in study households.
Characteristics of study participants are presented in Tables 3 and 4 . Attempts were made to recruit equally from the neighborhoods of Oregon Hill, Maymont, and Carver; however, the level of interest and retention among study participants varied. No relationship was observed between race, education, or gender, and distance to highway. While every effort was made to include children in the study, as they represent a potentially susceptible subgroup, children comprised only 22.5% of the total sample.
Seven of 40 individuals reported living in a household in which at least one cigarette was smoked per day. No relationship was observed between smoking in the home and gender, race, time spent in home, size of home, or age of home. However, individuals who reported smoking in the home spent more time, on average, in the kitchen than individuals living in nonsmoking households (P= 0.05). Although this difference was of borderline significance, it is potentially important since time spent in kitchen could obscure the relationship between smoking and personal exposure, especially in homes with gas kitchen appliances.
Study participants reported spending a majority ( 65% ) of each day in their homes and only a small portion of each day outside ( 8% ) ( Table 4 ). All children enrolled in the study spent time outdoors while 93% of adults reported time spent outdoors. Further, children spent more time outdoors (P=0.006) and more time active while outdoors (Kruskal -Wallis, P= 0.003 ) when compared with the adults in the study. However, time spent in the home, or in home microenvironments (living room, bedroom, kitchen ), did not differ between adults and children. Sixty -eight percent of adults reported cooking, and mean time spent cooking by this group was roughly 40 min. Additionally, only one child The correlations among indoor, outdoor, and personal exposure measurements for NO and NO 2 are presented in Table 6 . Personal NO x exposure was strongly correlated with personal NO exposure ( P <0.001 ) while the relationship with personal NO 2 exposure was significant but comparatively weaker ( P <0.001 ). Personal NO exposure and personal NO 2 exposure were not significantly correlated. Due to the strong correlation between personal NO x and personal NO, results will be reported for personal NO only from this point on, except where results for personal NO x differ. Outdoor NO measurements were not correlated with personal NO measurements, while NO measurements taken in the bedroom and living room were highly correlated with personal NO. A scatter plot displaying the relationship between log concentration personal NO exposure and log concentration bedroom NO measurement appears in Figure 2 . In contrast, outdoor and indoor NO 2 measurements were significantly correlated with personal NO 2 measurements. Outdoor NO 2 measurements correlated more strongly with personal NO 2 exposure in children than adults. Finally, a significant inverse relationship between the bedroom NO 2 measurement and the outdoor NO measurement was observed.
Correlations between continuous variables collected by questionnaire and personal NO and NO 2 exposure measurements are presented in Table 7 . Personal NO exposure was significantly increased by carpeting in the home (P < 0.001 ) and time spent in kitchen ( P= 0.002 ). Reductions in personal NO levels were associated with increased outdoor temperature, older homes, and larger homes. The relationships between these variables and personal NO x exposure were approximately the same in magnitude and direction; however, time spent in other indoor locations (P=0.034 ) and outdoor humidity ( P= 0.012 ) were also significantly associated with personal NO x measurements.
Personal NO 2 exposure was positively correlated with indoor humidity (P= 0.01 ) and outdoor humidity ( P <0.001 ), and negatively correlated with time spent in other indoor locations (P=0.05 ).
Multivariate Analysis
Predictive models for personal exposure to NO x and NO appear in Tables 8 and 9 , respectively. Since the variation in NO x was highly influenced by NO in personal samples (R 2 = 0.91), predictive models for both personal NO x and personal NO exposure will be presented in this section, with an emphasis on NO models.
Based on all collected data, the most parsimonious models for NO x and NO exposure included an indoor measurement. Bedroom NO measurements, home age, and time spent in the kitchen (Table 9 , model 8 ) explained 66% of the variation in personal NO exposures, while bedroom NO x measurements and time spent in kitchen alone explained 69% of the variation in personal NO x exposure ( Table 8 , model 3 ). Observed and predicted values based on model 8 are graphically presented in Figure 3 .
An attempt was made to produce models based solely on a subset of readily available environmental and housing data. These variables included home size, home age, outdoor humidity, outdoor temperature, and outdoor NO and NO x measurements. Home size and outdoor temperature Outdoor NO x = log ( outdoor NO x + 1 ppb ); Bedroom NO x = log ( bedroom NO x + 1 ppb ); Outdoor temp = log ( outdoor temperature ); Outdoor humid = sqrt ( outdoor humidity ); Time kitch = log ( time spent in kitchen + 1 ); Home age = log ( home age ); Ac on, 0 = air conditioning off, 1 = air conditioning on at least once; Type stove, 0 = gas, 1 = electric; Close, 0 = household less than 1000 ft from interstate 95, 195, or explained 29% of the variation in personal NO, and outdoor temperature and outdoor humidity explained 29% of the variation in NO x . Outdoor NO x or NO measurements, frequently used to estimate for personal exposure, did not significantly improve the models. When activity patterns were included in the analysis and indoor measurements were excluded, two biologically relevant models for prediction of personal NO and two models for prediction of personal NO x resulted. Time spent in kitchen, home age, type of stove, and outdoor temperature predicted 67% of the variation in personal NO (Table 9 , model 9 ); inclusion of air conditioning use, furnace use, and open windows did not significantly improve the model. However, air conditioning use approached significance when included in the model to predict personal NO x (Table 8 , model 4 ). Distance to nearest interstate ( close ) significantly improved the predictive ability of the NO x model ( Table 8, model 5) but was only marginally significant in the model for personal NO prediction (Table 9 , model 10 ). Interactions with distance to highway and time spent in kitchen and furnace use were not significant. Outdoor NO = log ( outdoor NO + 1 ppb ); Bedroom NO = log ( bedroom NO + 1 ppb ); Outdoor temp = log ( outdoor temperature ); Sqfoot = log ( home size ); Time kitch = log ( time spent in kitchen + 1 ); Home age = log ( home age ); Type of stove, 0 = gas, 1 = electric; Close, 0 = household less than 1000 ft from interstate 95, 195, or 64, 1 = household greater than 100 ft from interstate 95, 195, or 64. Candidate models to predict personal exposure to NO 2 are presented in Table 10 . The model that included time spent in other indoor locations and the bedroom NO 2 measurement was superior (Table 10 , model 15), explaining 68% of the variation in personal NO 2 exposure ( Figure 4 ). Outdoor NO 2 measurements predicted 20% of the variation in personal NO 2 ( Table 10 , model 11). While comparatively better than the NO x or NO models, this model is still a poor predictor of personal exposure ( Figure 5 ). The best model based on readily available data included only outdoor humidity (Table 10 , model 12 ); outdoor NO 2 was not significant when included in this model.
After incorporating activity patterns in the analysis and excluding indoor NO 2 measurements, two models ( Table 10 , models 13 and 14) emerged as candidates for prediction of personal NO 2 . Outdoor NO 2 concentrations, time spent in other indoor locations, type of stove, and open windows predicted 51% of the variation in personal NO 2 exposure. When the square root of outdoor humidity was included, the effect of outdoor NO 2 lost significance ( P= 0.12), although outdoor NO 2 is probably still biologically relevant. Inclusion of variables for participant age, air conditioning use, furnace use, and distance to highway did not significantly improve the model.
Discussion
This research represents the first attempt to quantify personal NO 2 , NO, and NO x , exposure of urban residents in Richmond, Virginia. Factors that could indirectly influence personal exposure to NO 2 , NO, and NO x , such as air conditioning use, open windows, and furnace use, did not differ significantly among the four neighborhoods surveyed. However, since the homes in Maymont were significantly younger and smaller than the homes in Oregon Hill, one could speculate that indoor levels of NO 2 , NO, and NO x may be influenced by a decreased air exchange capacity with outdoor air ( newer homes are more efficiently designed) and the smaller volume of air available for pollutant dispersion. However, a comparison of NO 2 , NO, and NO x concentrations between neighborhoods would not have been appropriate since neighborhoods were measured in different months; consequently, the effect of temporal sampling differences could not be isolated clearly from factors truly associated with variation in neighborhood measurements.
A comparison of the socio -demographic data was conducted to identify any systematic differences between the distance of residence to interstates 195, 95, and 64 and household or individual characteristics. While no association was observed between race, income, gender, or education, and proximity to an interstate, our results may be misrepresentative for a number of reasons. We could have lacked the statistical power necessary to detect any associations between race, education, gender, or income, and proximity to highway. However, the most likely explanation is that convenient recruitment of study participants could have resulted in a sample that was not representative of the population in terms of socio -demographic factors.
The personal NO 2 exposure measurements in this study ranged from 0 to 32 ppb, with a mean value of 15 ppb. In an international study, Levy (1998 ) sampled 568 participants from 18 cities in five countries and found that the mean personal NO 2 exposure of individuals residing in homes with a gas range was 34.8 ppb, and mean personal NO 2 exposure of individuals in homes without a gas range was 20.5 ppb. Spengler et al. (1994 ) sampled 682 individuals from 482 households in the Los Angeles Basin and reported mean personal NO 2 exposures of 37.57 ppb and a maximum exposure of 137.4 ppb in both homes with gas appliances and homes without. The personal NO 2 exposures observed in this study were lower than those reported in previous exposure studies. However, Levy (1998 ) conducted sampling exclusively in the winter when exposures are thought to peak in homes with indoor combustion sources. Further, 25% of the samples in the study by Spengler et al. (1994) was obtained during the winter season. Since our study was conducted during the late summer and early fall, it would be expected that indoor NO 2 concentrations and, consequently, personal exposure measurements would be decreased. Indoor, outdoor, and personal measurements collected from 357 volunteers in 88 households during the summer in Portage, Wisconsin, were more similar to those in our study, suggesting that seasonal variation may be one explanation for the discordance in personal measurements between studies (Quackenboss et al., 1986 ) . Additionally, geographic variation in outdoor NO 2 may have contributed to higher personal exposures observed in studies conducted in the Los Angeles basin ( Spengler et al., 1994 ) . An unexpected finding was the inverse relationship between bedroom NO 2 measurements and outdoor NO measurements. Although the relationship was weak, it was statistically significant ( P= 0.04). Unfortunately, these findings could not be corroborated with other research since most studies do not incorporate NO measurements with measurements of NO 2 . Due to the large number of comparisons, it is likely that this was a chance finding.
NO x and NO Models
The significant relationships observed among personal measurements with indoor measurements, outdoor measurements, activity patterns, and housing characteristics in the descriptive correlational analysis were used as the basis for the multivariate analysis. It is clear from the multivariate analysis that the predictors of personal NO x exposure were essentially the same as those for personal NO exposure. This observation is not surprising since NO x from a combustion source, such as a gas stove, is roughly 85 -95% NO and while NO can be oxidized to NO 2 in ambient air, environmental conditions must be favorable for this reaction to occur (Bostrom, 1993; Finlaysin -Pitts and Pitts, 1997 ) . The lack of a significant association between personal NO x measurements and personal NO 2 measurements may suggest that NO x is not a valid surrogate for estimating personal NO 2 exposure for epidemiologic research.
The personal exposure prediction models, which included indoor measurements, were the simplest and likely the most valid of all the prediction models developed. The bedroom measurement was significant in predicting personal NO exposure, and this is expected since participants in this study spent a majority of their time at home. With a three -variable model that included a bedroom NO measurement, time spent in the kitchen, and home age, 66% of the variation in personal NO was explained. Personal exposure was increased by time spent in kitchen, as this variable probably accounted for gas stove -related NO emissions. Decreased personal exposure associated with older homes may have occurred due to higher exchange rates with outdoor air when compared with newer homes. Since indoor concentrations of NO were typically higher than outdoor levels, it is intuitive that increased infiltration of outdoor air would decrease indoor concentrations, and consequently, personal exposure.
In the models developed using only available environmental and housing data, outdoor temperature and outdoor humidity were significant in predicting personal NO x exposure while outdoor humidity and home size were significant in predicting personal NO exposure. Although home size may represent a biologically meaningful association, outdoor temperature and outdoor humidity are likely proxies for other variables such as open windows or other factors not included in this analysis.
Finally, between 67% and 71% of the variation in personal NO exposure was explained without the use of bedroom measurements. In models 9 and 10, time spent in kitchen increased NO exposure, and home age, type of stove, and outdoor temperature decreased NO exposure. Again, the negative association between personal exposure and outdoor temperature may be reflective of activities that indirectly influence indoor air quality by altering exchange rates. Such activities that would influence exchange rates, as air conditioning use and furnace use, were not significant in the NO regression models. It is also possible that outdoor temperature is a proxy for another factor not included in this analysis. The relationship observed in model 10 between distance to highway ( close ) and personal NO exposure was unusual because personal exposure was increased as distance of residence from the interstate increased. However, based on a sensitivity analysis ( data not shown), a consistent negative relationship with personal exposure was not observed, suggesting that the distance to highway variable is an unreliable proxy for exposure and may be confounded by other factors.
NO 2 Models
The most parsimonious model developed to predict personal NO 2 exposure was comprised of two variables, bedroom NO 2 and time spent in other indoor locations. It was not surprising that the bedroom NO 2 measurement was the most significant predictor of personal exposure since the participants of this study spent, on average, 65% of their time in the home. Thus, the bedroom measurement is likely taking into account activities or housing attributes that influence indoor concentrations of NO 2 and, consequently, personal exposure. Time spent in other indoor locations, not inside of the home, served to decrease personal exposure possibly because these locations were places of work or public areas ( banks, grocery stores ) where it would be unusual to have sources of NO 2 .
In the models developed with available housing and environmental data, outdoor NO 2 measurements alone predicted a larger proportion of personal NO 2 exposure when compared with outdoor NO and personal NO exposure. However, when outdoor humidity was included in the model with outdoor NO 2 , outdoor NO 2 was no longer significant. It is possible that since outdoor humidity was used to adjust outdoor NO 2 concentrations, it was acting as a proxy for outdoor NO 2 . These models emphasize the importance of acquiring questionnaire data and/or environmental measurements rather than relying on available data that have limited interpretability.
The NO 2 models developed with questionnaire data and outdoor measurements explained between 51% and 61% of the variation in personal exposure. The time participants spent in other indoor locations, type of stove, and an open window during the study decreased personal exposure, while outdoor NO 2 concentrations increased personal exposure. Time spent in other indoor locations most likely decreased personal NO 2 exposure in the manner described earlier. Open windows may have increased air exchange with outdoor air, promoting removal of NO 2 emitted from indoor combustion sources. Consistent with previous research, the presence of a gas stove in the home and outdoor NO 2 increased personal exposure ( Quackenboss et al., 1986; Spengler et al., 1994; Alm and Mukala, 1998; Levy, 1998 ) . While outdoor NO 2 increased personal exposure in this study, the strength of association was less than that observed in other studies (Spengler et al., 1994; Levy, 1998 ) . These variations may be attributable to differences in geographic location, seasonal factors, or the sample population.
In model 14, inclusion of outdoor humidity decreased the significance of outdoor NO 2 probably as a result of using humidity to adjust outdoor NO 2 concentration. This suggestion is supported by the increase in the VIF when both outdoor NO 2 and outdoor humidity are included in the model. Although outdoor humidity is a statistically significant predictor, it is possible that it has little biological relevance. Therefore, the best model that incorporated only questionnaire data and outdoor NO 2 measurements was model 13.
The models developed with outdoor NO 2 measurements and questionnaire data were inconsistent with some previous research. In an international study, Levy ( 1998 ) reported a significant positive association between open windows and personal NO 2 exposure. In the 18 cities surveyed, mean indoor / outdoor NO 2 ratios ranged from 0.3 to 2.8; while in households with gas ranges, the mean indoor / outdoor NO 2 ratio was 1.19. Levy (1998 ) also observed that gas -intensive cities had a higher percentage of open windows compared with electric -intensive cities. This observation suggests that the relationship between exposure and the percentage of open windows may have been a reflection of the relationship between exposure and presence of a gas range, especially since the percentage of open windows did not maintain significance in the multivariate analysis. In the regression models developed in the present study, an open window at any time during the sampling period decreased personal NO 2 exposure. This relationship between personal exposure and open windows is biologically plausible since outdoor NO 2 concentrations were lower than indoor NO 2 concentrations.
Though Levy (1998 ) observed a positive association between personal exposure and the presence of smokers in the home, cigarette smoking in the home was not a significant contributor to personal NO 2 exposure in our participants. In the present study, this relationship may have been confounded by the increased amount of time smokers spent in the kitchen when compared with nonsmokers.
Additionally, since smokers comprised a small proportion of the sample overall, the increase in exposure attributable to cigarette smoking may have been obscured by other sources of NO 2 , especially by the presence of a gas stove in the kitchen.
More variation in personal NO 2 may have been accounted for by including continuous variables for open windows, air conditioning use, and furnace use. Since our sample size was small, the nonnormal variation in these data required transformation into ordinal variables. Thus, with ordinal data, it is less likely that we would observe subtle changes in personal NO x , NO 2 , or NO exposures associated with air conditioning use or furnace use although it is possible that these factors influenced indoor concentrations. Additionally, our study participants reported using a combination of open windows with air conditioning use or furnace use, further complicating statistical interpretation of the potential effects.
This study was potentially limited by error in exposure measurement and methods of data collection. Personal monitors were subject to the effects of wind velocity, temperature, and humidity, all of which could not be measured or controlled. Therefore, it is possible that factors such as wind or rain had a greater impact on NO x , NO 2 , and NO measurements from personal monitors, resulting in increased error in exposure measurement. In addition, convenience sampling methods were employed to recruit participants. Therefore, statistically significant associations or lack of findings may differ in a larger, population -based study. Further, sampling was conducted in one neighborhood per month; therefore, the effect of neighborhood -specific or seasonrelated variables was difficult to interpret and thus, limited the types of neighborhood -specific comparisons that could be made. Under ideal circumstances, data collection would have occurred simultaneously to minimize seasonal variability.
Despite the potential limitations, our analysis has demonstrated that up to 68% of the variation in personal NO 2 exposure could be explained by statistical models that incorporate an indoor measurement. It would be expected that an indoor measurement is more accurate in predicting personal exposure since this measure takes into account activities in the home that increase or decrease NO 2 concentrations. Therefore, when the resources are available, collecting indoor measurements in conjunction with survey data is preferable for exposure estimation over outdoor measurements or the use of available environmental or housing data alone. The exposure prediction models described in this study represent an improvement over traditional exposure measurement and exposure classification methods used in environmental epidemiology studies, and may provide direction for future exposure prediction and validation research.
